Abstract: A modified differential evolution algorithm (MDE) has been used for solving different process related design problems (namely calculation of the NRTL and Two-Suffix Margules activity coefficient models parameters in 20 ternary extraction systems including different ionic liquids and reactor network design problem). The obtained results, in terms of root mean square deviations (rmsd) for these models are satisfactory, with the overall values of 0.0023 and 0.0170 for 169 tie-lines for NRTL and Two-Suffix Margules models, respectively. The results showed that the MDE algorithm results in better solutions compared to the previous work based on genetic algorithm (GA) for correlating liquid-liquid equilibrium (LLE) data in these systems. MDE also outperformed DE algorithm when tested on reactor network design problem with respect to convergence and speed.
Introduction
Phase equilibria play an important role in the synthesis, development, design, and control of chemical and petroleum engineering processes. Phase behavior is often analyzed using equation of state and activity coefficient models. Though lots of data is available in literature which correlate both the model and experimental data, estimation of accurate model parameters still remain a challenge. Local optimization methods (such as Newtons method or least square techniques, etc.) are often used to solve phase equilibrium problems. But because the search space is highly nonlinear consisting of local and global minima's, the local methods may converge to a local optimum point (Stragevitch and Davila 1997; Sahoo et al. 2006) . In recent past the stochastic optimization techniques (such as differential evolution (DE), genetic algorithms (GA), simulated annealing (SA), particle swarm algorithm, etc.) (Holland 1992; Kirkpatrick et al. 1983; Price et al. 2005) have shown considerable potential in solving complex engineering problems (such as phase equilibrium problems, reaction engineering problems, process calculations related optimization problems etc.). Liquid-Liquid-Equilibrium (LLE) has remained a very challenging problem for non-ideal liquid solutions such as ionic liquids (ILs). ILs are green solvent and they have shown potential applications in many separation processes (Lei et al. 2009 ). For designing any separation processes using ionic liquids, the accurate estimation of activity coefficient parameters is of vital importance. As a quick review on these problems we may refer to the following works:
GA has been utilized for estimation of the parameters for two well-known activity coefficient models (ie. NRTL and UNIQUAC) (Singh et al. 2005) . They proved that their results were better than local search methods. In another study (Sahoo et al. 2006; Sahoo et al. 2007) , GA was used to estimate ternary, quaternary and quinary LLE interaction parameters for NRTL and UNIQUAC models. It was reported that GA results were better than other techniques. Another group of authors (Rashtchian et al. 2007 ) also used a stochastic method (genetic algorithm) for phase behavior of multiphase and multicomponent systems. They calculated the binary interaction parameters of UNIQUAC, NRTL and Wilson models for a number of systems. They also reported their data and compared their data for various systems (including vapor liquid equilibrium, vapor-liquidliquid equilibrium, and liquid-liquid equilibrium) form the literature. In some other studies, GA was successfully applied for estimation of interaction parameters of other complex models for systems of LLE containing ionic liquids and also for modeling of viscosity of crude oil binary blends (Vatani et al. 2012; Vakili-Nezhaad et al. 2013; Vakili-Nezhaad et al. 2014; Al-Maamari et al. 2015) .
Modified DE algorithm is used for calculation of two complex problems. The performance of MDE algorithm is also explored by comparing its output with other algorithms. Parameters of two activation coefficient models (which include NRTL and TwoSuffix-Margules model) are calculated using experimental data having 20 sets of ternary liquid systems having 20 different ILs. The reactor network problem is also solved and both the speed and accuracy aspects of MDE algorithm are reported. The statistical parameters of the models including root mean square deviation for the above mentioned set of ternary systems is reported.
Comparison of the results obtained using MDE with our previous work based on GA (Vatani et al. 2012) shows that MDE is a very reliable algorithm in parameter estimation problems which can give more accurate results compared to GA. Abbreviation, full names and list of ternary ionic liquid systems used in this study is given in Table  1 .
Problem formulation

The LLE Modeling
The LLE modeling is based on thermodynamic equilibrium condition for mole fractions and activity coefficient between the aliphatic rich phase (I) and the IL rich phase (II).
The molar component balances lead to the following equation:
where x,  , Z and L are mole fraction, activity coefficient, the overall mole fraction and the molar split ratio respectively, and the subscript i denotes the components.
Considering the distribution ratio of component as below:
and solving Eq. (3) with Eq. (2), the Rachford-Rice equation (Seader and Henley 2006 ) is concluded as: Overall 169
, where i  is proper activity coefficient models with an appropriate adjustable parameters.
The NRTL and Two-Suffix Margules Models
In the present work, the experimental LLE data were correlated by NRTL and Two-Suffix Margules models (Renon and Prausnitz 1968; Prausnitz et al. 1999) . The activity coefficient i  of NRTL model is expressed as:
where the binary interaction A ij , and nonrandomness parameters α ij , have been defined as:
Beside NRTL model, the activity coefficients of Two-Suffix Margules model are as below:
where, A 12 , A 13 and A 23 are the interaction parameters, which were regressed by ternary systems data used in this work.
Objective Function and Decision Variables
The single objective optimization study is considered. The experimental data for 20 ternary extraction systems containing different ionic liquids are used. NRTL and Two-Suffix Margules activity coefficient models parameters are estimated using the modified differential evolution algorithm. In general, parameter estimation is considered as a minimization of an objective function value (F obj ) (Revelli et al. 2010) , which minimizes the deviation between the experimental and calculated mole fractions of the components. This part of study deals with the estimation of thermodynamic activity coefficient models parameters for a ternary set of systems, accordingly the problem is formulated as:
Lower and uppers bounds of parameters used in this work are given in Table 2 . The criterion for comparison between the experimental and calculated data is given by the following equation.
where, x and M are mole fraction and the number of tie lines and subscripts i, j and k are component, phase, and tie lines respectively. In this study Reactor Network Design (RND) problem is considered for optimization study. RND problem is optimized using variants of differential evolution algorithms namely, DE and MDE.
Reactor Network Design Problem:
This RND design problem is obtained from Ryoo and Sahinidis (Ryoo and Sahinidis 1995) (see Fig. 1 ). Two CSTR reactors in sequence having consecutive reactions (P→Q→R) are considered.
The intermediate product concentration leaving the second reactor is maximized in this problem.
Both the global and local solutions for this problem are reported in literature (Angira 2006; Babu and Angira 2006 
Sub. to: 
Modified Differential Evolution (MDE)
The survival of the fittest principle is used in both DE and MDE. Against DE, MDE maintains only one array of variables (bounded by lower and upper bounds). This population gets improved if a better candidate solution is obtained by allowing new solution to take part in the cross over and mutations operations in the same generation. Thus it is observed that number of function evaluations are lowered thus improving the convergence of algorithm. It has been found in the previous studies that an updating the single array continuously enhances the convergence speed leading to less function evaluations as compared to DE (Price et al. 2005 Colaco et al. 2004) . Similarly multi-objective optimization strategies of differential algorithms are successfully applied on selected real world optimization problems (such as MOO of LDPE tubular reactor, styrene reactor (both adiabatic and pseudo-isothermal reactor), PTA oxidation process, etc.) (Gujarathi and Babu 2009a; Gujarathi and Babu 2009b; Gujarathi and Babu 2010a; Gujarathi and Babu 2010b; Gujarathi and Babu 2011) . These MOO strategies of DE algorithms are in general found to outperform some other existing evolutionary strategies of MOO.
Results and Discussion
Effect of Key Parameters (CR, F, and NP)
Modified differential evolution is a population based stochastic type of algorithm. It is observed that the outcome of stochastic algorithms, in general, depends on its control parameters. The performance of DE and MDE algorithms depends on key parameters, namely, NP, CR, and F. Three systems (System 1, 6 and
10) are selected randomly. Table 3 shows the parameter values used in this study. All the optimally. The computation cost increases by increasing the population size. In this optimization study, population specific runs are carried out by varying the population size for each system. Results for three randomly selected systems are plotted and shown in Fig.  2a . Accordingly population size of 120 is selected and is used during the optimization study in this work. Similarly the crossover constant and the scaling factors are also varied and results for three randomly selected systems are shown in Fig. 2b, and Fig. 2c . Similar results could be obtained for all systems in this work.
Comparison of MDE, GA and other Methods from Literature
The MDE algorithm is used to calculate the interaction parameters of NRTL and Two-Suffix Margules activity coefficient models in LLE systems shown in Table 1 . Both the optimization and model simulation codes are written and simulated using MATLAB (2009) software. During optimization study, three systems are randomly selected to study the effects of parameters on objective function. The objective function value with respect to generation number is plotted for 3 randomly selected systems. Fig. 3 shows that irrespective of selected system (in this study); the MDE algorithm converges to the minimum function value in less than 90 generations. However, the algorithm is allowed to run for 150 numbers of generations to ensure that the optimum is reached.
Figure 3.
Convergence profile of selected systems using MDE.
Population based stochastic algorithms have a typical feature that they start with population of points and all the points are expected to converge to the optimum points. The results are shown through Table 4 and Table 5 . Table 4 shows the calculated parameters of the individual models for each individual system. Table 5 shows the results of rmsd obtained using MDE and GA and other methods form literature. MDE is able to converge to the global optimum having overall rmsd values of 0.0023 and 0.0170 for NRTL and Two-Suffix Margules models. As an example, the experimental and calculated tie-lines were compared in Figs. 4 and 5 for the system No.1. Table 6 shows the results obtained using DE and MDE for the optimization of reactor network design problem. Results are shown considering average best, worst, mean, median, and standard deviation of the optimum values of 25 runs. Though the experimental runs are taken for 500 numbers of generations, the comparison of results is carried out at intermediate numbers of functions evaluations (FES) ie. FES value of 10000, 15000, 20000, 50000 and 100000 (Corresponding to 50, 75, 100, 250 and 500 generations respectively). Taking standard deviation to be one of the measures of the effectiveness of any algorithm, it is observed that MDE produces better results than those obtained using DE. The consistency with which DE and MDE has performed is evident from the fact that standard deviation achieved a value of 0 (zero) or close to zero. Figure 6 shows that error reduces faster in MDE compared to DE. Table 7 shows FES, CPU time and function value for various problems using strategies of DE. MDE algorithm finds the global optimum in lesser number of FES than DE. The CPU time taken by MDE is much lesser compared to DE.
Optimization of CSTR Reactor Design Network
Conclusion
Binary interaction parameters of two wellknown activity coefficient models are calculated for 20 different extraction systems having ILS based on flash systems using Modified DE and genetic algorithms. The activity coefficient models parameters as well as the rmsd have been obtained and are reported. The MDE algorithm successfully converged to the global optimum having rmsd value of 0.0023 and 0.0170 for NRTL and Two-Suffix Margules models respectively for 169 tie-lines. The NRTL 
